Rail corrugation occurring on tracks fitted with Egg fasteners has become a serious problem on the newly operated lines of the Beijing metro in recent years. Investigations and field measurements show that the dominant wavelengths of corrugation are 63-100 mm, inducing dominant frequencies of vibration on the rail in the frequency range of 160-310 Hz for train speeds at 60-70 km/h. Due to the influence of the dynamic behaviour of tracks on the formation of rail corrugation, various options for changing the dynamic behaviour of the track structure can be considered as possible solutions to treat corrugation. Four treatment measures have been considered: rail grinding, adding a rubber pad within the fastener, replacing the fastener with a compression-type fastener, and installing rail dampers on the rail. Field experiments have been carried out to evaluate the effectiveness of these rail corrugation treatment measures on two lines of the Beijing metro. Frequency response functions, track decay rates, and pass-by acceleration on the rail were measured, and the development of rail roughness was monitored. Experimental results show that all the four measures are effective to control or at least slow down the development of rail corrugation on tracks with Egg fastener. Rail grinding is mostly used to limit the effects of corrugation; here, it was noted that low-amplitude corrugation on some straight lines did not reappear after rail grinding. After adding a rubber pad within the fastener, the existing corrugation reduced in amplitude, while corrugation did not reappear on a newly ground rail. Replacing the fastener with a compression-type fastener and installing rail dampers on the rail were found to slow down the development of corrugation.
Introduction
For more than a century, many studies have been carried out into the formation of rail corrugation. Some review papers [1] [2] [3] [4] [5] indicate that corrugation occurs due to several mechanisms, which could be combined in different ways, and consequently there is no unique general procedure for its treatment. Grassie and Kalousek 4 and Grassie 5 proposed a classification of rail corrugation in their papers. Six different types of corrugation with significantly different characteristics were identified, and treatment measures for each type were also recommended. Some solutions have also been proposed in past studies to reduce the development of corrugation. Rail grinding is the most frequently recommended treatment, and generally is not considered as a solution, but as a way of limiting the negative effects of corrugation. Other treatments include modifying the friction coefficient, 6, 7 increasing the hardness of the rail, 8 reducing the stiffness of the rail pad, 9, 10 and changing the operational modes of trains.
Rail corrugation has become a serious problem on several newly operated lines of the Beijing metro in recent years. This problem is becoming a great concern because the intense noise and vibration due to rail corrugation lead to complaints from the residents living near metro lines, as well as passengers and staff in the trains. Moreover, increasing failures of the clips in the fastening system and cracks of the bogie frame of trains have been found in severely corrugated sections, while this did not occur on smooth tracks. 12 The large amount of maintenance work resulting from corrugation has also become a significant problem in the Beijing metro.
Field measurements have been conducted in the Beijing metro to investigate the cause of rail corrugation and to provide solutions to treat it. Based on these investigations, the most severe corrugation was found on rails where Egg fasteners are used. This fastening system has a low vertical stiffness which is intended to minimize vibration transmitted onto the ground. It is used in a large range of situations, from tight curves to straight lines and is found to be prone to corrugation in each situation. A typical corrugated rail is shown in Figure 1 .
A recent study about the cause of corrugation on tracks with Egg fastener in the Beijing metro identified the dominant frequencies for the corrugation. 12 The rail roughness on the running band of the corrugated rails was measured in sections of tracks with Egg fasteners by means of a corrugation analysis trolley (CAT). 13 The dynamic response of the track was also measured, including the frequency response functions (FRFs), track decay rates, and pass-by acceleration on the track. According to the roughness measurements, the dominant wavelength band for the corrugation on the rail with Egg fasteners is 63-100 mm, which induces dominant frequencies of vibration on the rail in the range 160-310 Hz for train speeds of 60-70 km/h.
According to the categories suggested by Grassie, 5 the corrugation on the rail with Egg fasteners appears to be attributable to the ''trackform-specific'' type. This normally requires a pronounced resonance of the track. In the case of the Egg fasteners in the Beijing metro, 12 a series of lightly damped resonances are found between 160 and 310 Hz, as will be discussed further here.
Based on the results of these investigations and measurements, various solutions intended to reduce the development of rail corrugation have been proposed. One possibility is to change the dynamic behaviour of the track structure to remove the resonance peaks or to enhance the damping of the track. To achieve this, the addition of a rubber pad within the Egg fastener or the replacement of the fastener by a compression-type fastener has been considered. To increase the damping, a tuned rail damper has been installed. Field experiments have been carried out on Line 10 and Line Yizhuang of the Beijing metro to evaluate the effectiveness of these measures in suppressing the development of corrugation. In addition, the effect of rail grinding has been assessed. These experiments and their results are described in this paper.
Description of rail corrugation on tracks with Egg fastener in the Beijing metro
The Beijing metro is a rapid transit system that serves Beijing city and its various suburbs. Nineteen lines (about 600 km) are currently in operation, and nine further lines are under construction, which will result in a network of 28 lines (about 1000 km) by 2020. To reduce the environmental vibration induced by the passage of metro trains, a variety of track forms are in use in the Beijing metro, including the Egg fastener track, ladder track, and floating slab track. However, rail corrugation has become a serious problem in several newly operated lines since 2007, especially on tracks fitted with the Egg fastener system.
The Egg fastener (shown in Figure 2 ) has a very low static stiffness of 8-12 kN/mm, which is used to mitigate the environmental vibration induced by moving trains. The stiffness of the Egg fastener is provided by the shear deformation of an oval rubber ring. The rubber ring is vulcanized onto an upper steel plate attached to the rail and a side steel plate connected to the track slab. In addition, a stiff pad (not shown) is inserted between the upper plate and the rail foot. Measurements have been made to quantify the extent of corrugation and its association with different fastening systems. According to these measurements, a large amount of corrugation occurs in the sections of track fitted with Egg fasteners. For example, on Line 4 there is 12.73 km of Egg fastener track where the train speed is 60-70 km/h, of which 7.13 km was found to be corrugated. Similarly, on Line 5 there is 12.28 km of such track of which 5.01 km was corrugated. Of the total length of corrugated track on Line 4, about 61% occurred on Egg fastener track; this percentage was 80% on Line 5 although this track form represented 38% of the track on this line. For the Egg fastener track on Line 5, the likelihood of corrugation increased from 16% on the tangent track to 75% for radii less than 400 m. The likelihood was 41% where the line speed is 60 km/h and above; it was only 2% where the speed is less than 60 km/h. 12 In order to determine the corrugation wavelengths on the Egg fastener track, a CAT was used to measure the running band roughness of the corrugated rail. The rail roughness wavelength spectra of three typical Egg fastener sections with different curve radii are shown in Figure 3 . The dominant wavelengths of corrugation are in the 63, 80, and 100 mm bands. The corrugation on the Egg fastener track appeared in the track sections where the speed of trains is 60-70 km/h. The relation between the corrugation wavelength and the train speed f ¼ V=l gives the dominant frequencies excited by the corrugation as occurring in the range of 160-310 Hz.
Dynamic behaviour of wheels/tracks
In this section, the dynamic behaviour of the track and the wheel is investigated, with particular emphasis on the frequency region of 160-310 Hz.
Track dynamics
The dynamic behaviour of the Egg fastener track structure was measured on unloaded tracks in the Beijing metro by applying impact excitation to the rail using an instrumented hammer. The results were obtained in the form of the FRFs (acceleration/ force) and the decay rate of the track. The acceleration of the rail during a train pass-by was also measured.
The typical FRFs obtained are shown in Figure 4 . At about 1000 Hz, a peak is found in the FRF between fasteners and a corresponding dip above a fastener; this is the vertical ''pinned-pinned resonance.'' As the dominant frequencies of corrugation are found in the range of 160-310 Hz, this indicates that the ''pinned-pinned resonance'' is not the cause of the rail corrugation in this case. On the other hand, strong peaks are found in the FRF at the frequencies of 160, 180, 210, 280, and 310 Hz, which coincide with the dominant frequency range of 160-310 Hz.
Furthermore, the FRF was also measured on a 0.4 m length of rail supported by an Egg fastener in the laboratory to obtain the dynamic behaviour of the Egg fastener itself ( Figure 5 ). Figure 6 shows the vertical FRF measured in the laboratory. The peaks in the range of 160-310 Hz can still be seen at the same frequencies as in Figure 4 , which indicates that these peaks occur due to the dynamic behaviour of the Egg fastener itself. Figure 7 shows the frequency content of typical vertical acceleration in an Egg fastener section without corrugation during the passage of a train. This was measured in a curve with 800 m radius for a train speed of 80-90 km/h. There is a strong dynamic response in the frequency range of 150-400 Hz. 
Dynamics of the wheelset
To determine the dynamic behaviour of the wheelset, a finite element model was set up (Figure 8 ). In this model, the wheelset is attached to a rigid bogie through springs and dashpots representing the primary suspension in the vertical and lateral directions. The wheel diameter is 840 mm. The corresponding rigid-body modes have natural frequencies below 10 Hz. The vertical receptance of both the driven wheelset and the nondriven wheelset was calculated.
Figures 9 and 10 show the vertical receptance of the driven wheelset and the nondriven wheelset, respectively. There is a strong dip in the region of 300 Hz in both cases. Below this frequency, the receptance is predominantly mass controlled and above this frequency it is predominantly stiffness controlled. Strong resonances at around 100 and 475 Hz are associated with the axle bending.
At this anti-resonance, the wheel/rail contact forces can be expected to reach a maximum. However, analysis of the wheel/track interaction is beyond the scope of this paper.
From these numerical calculations and measurements, it has been confirmed that the large vibration of the track in the frequency region of 160-310 Hz is associated with the dynamic behaviour of the track structure as well as the anti-resonance of the wheelset. Various solutions will therefore be investigated which modify the dynamic behaviour of the track structure in this frequency range.
Decay rates of tracks
In addition, the track decay rate of the Egg fastener track was also measured according to the standard EN 15461: 2008þA1: 2010.
14 Apart from the assessment of rolling noise from the track, 14,15 the track decay rate can be used to evaluate its damping. 16, 17 Figure 11 shows the typical vertical and transverse track decay rates of the Egg fastener track measured in the Beijing metro. The track decay rates are very low (less than 0.4 dB/m) for both the vertical and transverse directions in the frequency range 200-315 Hz. This indicates that the damping of the track is particularly low in this frequency range. Thus, enhancing the damping of the Egg fastener track could also have a beneficial effect on the rate of development of corrugation.
Treatment of rail corrugation Rail grinding
Amongst the solutions to suppress or reduce the development of rail corrugation, rail grinding is frequently used in most situations. Generally, rail grinding is not considered as a permanently effective solution. Nevertheless, this is one of the treatment measures considered in the present study. After rail grinding, it was found that the corrugation did not reoccur for 23% of the total length of corrugated rail fitted with Egg fasteners on Lines 5 and 10.
Because grinding was not carried out on the new rail before the new lines were brought into operation, it appears that this was sufficient to prevent the corrugation from reoccurring after the original roughness-induced corrugation was removed. However, it should be noted that it was only small amplitude corrugation on some straight lines that did not reoccur after the rail grinding, whereas the more serious corrugation on other straight sections and particularly on curves still developed rapidly after the rail grinding. Due to this rapid development, the shortest time interval between successive grinding was less than three months on Line 4.
Rubber pad in Egg fastener
There is a hollow space inside the Egg fastener (Figure 2) , so it is possible to insert a rubber pad into this space to change the stiffness of the fastener. A rubber pad ( Figure 12 ) has been designed to be installed between the upper steel plate and the sleeper surface and fit fully within this space in the fastener. The original rubber ring is retained, so the stiffness of the modified fastener is provided partly by shear deformation of the rubber ring and partly by the compressional deformation of the rubber pad. The total static stiffness of the modified fastener becomes 18 kN/mm. To evaluate the effectiveness of this approach in treating the corrugation, an experiment was performed on Line 10 of the Beijing metro. The rubber pad was fitted in two experimental sections which had serious rail corrugation. Section 1 is a straight line (50 m long, train speed V ¼ 60-70 km/h), and section 2 is in a curve (80 m long, radius R ¼ 450 m, V ¼ 60-70 km/h). The rail in section 1 was ground before the experiment, while it was not for section 2.
To assess the influence of the rubber pad on the dynamic behaviour of the track structure, the FRFs were measured after its installation in section 1. Figure 13 shows the FRFs of the Egg fastener track with the rubber pad, compared with the earlier measurements without the pad at a different location (Figure 4 ). From this it appears that adding the rubber pad within the Egg fastener causes the peaks to move to higher frequencies.
After the installation of rubber pads within the Egg fastener, four measurements of running band roughness in the two experimental sections were carried out over a period of about half a year. Figure 14 shows comparisons of the 500 mm moving average peak-topeak roughness (PPR) amplitude filtered in the 30-100 mm wavelength range from the first and the last measurements. Figure 15 shows the roughness spectra in the two sections at different times after installation. Superimposed on Figure 15 is the roughness level limit line taken from the ISO 3095: 2013 standard, 18 which corresponds to a ''smooth'' rail. The roughness level is lower than the ISO 3095 limit at most wavelengths for section 1 after the rail grinding. However, it exceeds the limit at all wavelengths for section 2, which had not been ground, especially at 63 mm wavelength, which indicates the serious corrugation in section 2. Figure 16 shows the development of the roughness level at the dominant wavelength in the two sections.
For section 1, the moving average PPR in Figure 14 (a) shows only a small change, and the roughness level at the dominant wavelength in Figure 16 is nearly unchanged, which indicates that the corrugation did not develop after the rail grinding. For section 2, which had not been ground, the roughness dropped significantly after installation of the rubber pads. The roughness level at the dominant wavelength was on average 6.3 dB lower after six months. Because adding the rubber pad changes the dynamic behaviour of the Egg fastener; the original corrugation at the dominant wavelength was worn down by the rolling wheels, causing the roughness level to reduce. Moreover, no new dominant wavelength appeared according to Figure 15 . So adding the rubber pad in the Egg fastener is effective in reducing corrugation. However, this results in a decrease in the vibration mitigation due to the increase of the fastener stiffness. Therefore, the rubber pad can only be adopted in the Egg fastener in track sections where the requirement for reducing the environmental vibration is less critical.
Compression-type fastener
To change the dynamic behaviour of the Egg fastener track structure, an alternative fastening system can also be proposed. A compression-type fastener was chosen ( Figure 17 ) with a similar static stiffness of 8-14 kN/mm so that the vibration mitigation effect can be maintained. The stiffness of this fastener is provided by compression of a rubber pad between upper and lower steel plates.
An experiment was carried out on Line 10 of the Beijing metro to assess the effectiveness of this fastener system in treating corrugation. A 140 m experimental section was selected, which consists of a 55 m The first measurement The last measurement Figure 14 . Moving average PPR in the 30-100 mm wavelength band for the first and the last measurements after fitting rubber pad in the Egg fastener in (a) section 1 and (b) section 2. PPR: peak-to-peak roughness. reference section (Egg fastener) and an 85 m replacement section fitted with the compression-type fastener. The experimental section is in a curved tunnel with a radius of 500 m; the train speed is 60 km/h. The FRF was measured after the installation of the compression-type fastener in the replacement section, and nine measurements of the rail roughness in the running band of this experimental section were carried out over a period of 14 months to assess the development of corrugation. Figure 18 shows the measured FRFs of the track with compression-type fasteners compared with the previous measurement of the Egg fastener track. The peaks between 160 and 310 Hz seen previously for the Egg fastener track do not appear for the compression-type fastener. Figure 19 shows the rail roughness in the form of the 500 mm moving average PPR in the 30-100 mm wavelength range for the first measurement (70 days after replacement) and the last one (405 days after replacement). For most of the Egg fastener section, in Figure 19 (a), the moving average PPR increases, while it tends to reduce slightly for the compressiontype fastener in Figure 19(b) . Figure 20 shows the roughness spectra in the two track sections for three measurements. The roughness levels greatly exceed the ISO 3095 limit, indicating that the corrugation is very severe in both sections. The development of the roughness level at the dominant wavelength of 80 mm is shown in Figure 21 . The roughness level at the dominant wavelength increases for the Egg fastener track, while for the compression-type fastener it is fairly stable, reducing slightly after 158 days after the installation despite growing initially. These experimental results indicate that the compression-type fastener can be used to control the development of corrugation to some degree. However, a more reliable estimate of their effect would be obtained if the roughness could be monitored soon after rail grinding.
Tuned rail damper
As a means of enhancing the damping to suppress the vibration of the rail, a tuned rail damper was chosen for application in the Beijing metro. The rail damper consists of two or three steel mass blocks enclosed in an elastomeric material with a high damping loss factor, which is attached to each side of rail web by clips ( Figure 22 ). It is a ''mass-spring'' system with a high damping loss factor which is therefore effective over a wide frequency range. 19, 20 The rail damping device is mainly used to reduce the wheel/rail rolling noise. 19, [21] [22] [23] In addition, such rail damping devices have previously been proposed to reduce the development of corrugation at the wavelength corresponding to the frequency of the ''pinned-pinned resonance'' (around 1000 Hz). [24] [25] [26] [27] Although the dominant frequencies of 160-310 Hz excited by the corrugation on Egg fastener track in the Beijing metro are far away from the frequency of ''pinned-pinned resonance,'' the rail damper can be considered as a possible solution to increase the damping and reduce the vibration of the rail, which could contribute to suppression of the development of corrugation. 
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(damper section) and another 100 m section without rail dampers (reference section). The two sections have the same track and operating conditions, which ensure an effective comparison of the development of corrugation between them. The track decay rate and the pass-by acceleration on the rail were measured before and after installation of the rail dampers in the damper section. The FRF of the track was also measured in the damper section.
The track decay rate was measured five days before and after rail damper installation in the damper section. Both the vertical and transverse decay rates were measured. These are shown in Figure 23 . From this figure, it can be seen that, similar to Figure 11 , the track decay rates were very low before rail damper installation, especially in the 200-500 Hz range. However, there is a large increase in track decay rates in this frequency range after installation of the rail damper. The vertical track decay rate after rail damper installation is seven to nine times greater than before its installation in this frequency range and is increased over the whole frequency range. Figure 24 shows the FRFs of the Egg fastener track with and without rail dampers. A tendency can be observed that the peaks in the frequency range of 50-350 Hz for the track with rail damper move towards low frequency, and the amplitude of these peaks becomes much lower than that for the track without the rail damper.
In order to analyse the change of rail vibration due to the installation of the rail damper, the pass-by acceleration on both low and high rails was measured two days before and after its installation in the damper section while the rail was still corrugated. Figure 25 shows the frequency content of vertical pass-by acceleration on each rail. The acceleration after installation of the rail dampers is less than that before their installation at most frequencies. On the low rail there are sharp peaks in the vibration spectrum excited by rail corrugation at about 210 and 300 Hz before rail damper installation. The corresponding peaks on the high rail have smaller amplitude. Although these peaks still appear after installation of the rail dampers, their amplitude is significantly reduced. Figure 26 shows the vertical acceleration levels on the two rails in one-third octave bands. After rail damper installation, the acceleration level on the low rail reduces by 8-18 dB in the region of 160-315 Hz. The corresponding reduction for the high rail is 5-8 dB. These results indicate that the rail damper can greatly reduce the pass-by rail vibration which is consistent with the increased track decay rate. In order to assess the development of corrugation, the running band roughness of the corrugated rail in the damper section and the reference section was measured by means of a CAT. Nine measurements of roughness were conducted, once every two months, to assess the corrugation development over a period of about 15 months. In addition, the rail was ground during this period. Table 1 shows the dates of measurements, installation of rail dampers, and rail grinding.
The 30-100 mm wavelength filtered moving average PPR from the first and the last measurements after rail grinding is shown in Figure 27 . The roughness grows significantly in the reference section, while it has a relatively small development in the damper section. The first measurement after rail grinding The last measurement after rail grinding reference section Figure 27 . Moving average PPR in the 30-100 mm wavelength band measured after rail grinding in the reference section and the damper section. PPR: peak-to-peak roughness.
that the dominant wavelength of corrugation in both sections is 63 mm. The roughness levels in the two sections exceed the ISO 3095 limit by 13-18 dB in the first three measurements. The rail corrugation was so serious that rail grinding was required, so the rails were ground after the third measurement. The rail grinding did not change the dominant wavelength, which remains 63 mm, although the roughness level at this wavelength was reduced by around 20 dB. Figure 29 shows the development of roughness level in the 63 mm wavelength band. The roughness increases significantly both before and after rail grinding for the reference section, while it increases more slowly for the damper section. The roughness level has a 12.5 dB increase between the first and the last measurements after rail grinding for the reference section (a period of 380 days), while this value is just 5.5 dB for the damper section. This indicates that the rail damper can slow down the development of rail corrugation to less than half the original development rate.
Consequently, the rail damper can also delay the need for rail grinding. Considering, for example, a roughness level in the 63 mm wavelength band of 6.9 dB as a notional level requiring grinding, in Figure 29 , the roughness level for the damper section exceeds the level at the 765th day after grinding with the rail damper installed, while it is reached on the 330th day for the reference section. It should be noted that it is assumed that the roughness development continues at the same rate after the monitoring. Therefore, according to this experiment, the frequency of rail grinding can be reduced by installation of the rail dampers to less than half its original value.
Conclusions
Severe rail corrugation has been found to occur on tracks with Egg fasteners in the Beijing metro with dominant wavelengths in the range of 63-100 mm. This induces rail vibration with dominant frequencies in the range of 160-310 Hz for train speeds of 60-70 km/h. A series of lightly damped resonances are found in this frequency range, which are attributed to the fastener. This dynamic behaviour of the track structure in this frequency range appears to contribute to the formation of rail corrugation on an Egg fastener track in combination with a strong anti-resonance of the wheelset in the vertical direction. Several possible solutions have been identified that involve changing the dynamic behaviour of the track structure to treat the corrugation.
Adding a rubber pad within the Egg fastener in parallel with the original resilient element changes the dynamic behaviour of the original track by making the dynamic response peaks in the range of 160-310 Hz move to higher frequencies. This is shown to lead to a reduction in the corrugation amplitude and can be applied in some sections where there is not such a high requirement for reducing the environmental vibrations.
Replacing the shear-type Egg fastener with a compression-type fastener with the similar stiffness can also change the dynamic behaviour of the original track through removing the dynamic response peaks at 160-310 Hz. This is shown to control the development of corrugation to some degree. However, a fuller investigation would require monitoring after rail grinding.
Installing rail dampers on the rail reduces the rail vibration through increasing the damping of the track, and changes the dynamic behaviour of the original track through moving the dynamic response peaks at 160-310 Hz towards lower frequency and reducing their amplitude significantly. This is shown to slow the development of rail corrugation by more than half and delay the necessity for rail grinding by a corresponding amount.
All three modifications to the track dynamics appear to be successful in controlling the development of corrugation. However, it is not possible to make direct comparisons between their performances due to differing conditions in the experiments. Nevertheless, it is clear that moving or reducing the dynamic response peaks of the Egg fastener track can control and even eliminate the development of corrugation.
Additionally, rail grinding was found to be effective in eliminating rail corrugation from some straight sections that initially had low-amplitude corrugation.
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